Unlike conventional neurotransmitters, gases cannot be stored in synaptic vesicles. Therefore, release of NO kinase 2). Phorbol ester treatment of hippocampal cultures results in the phosphorylation and activation of or CO upon neuronal depolarization requires rapid activation of their biosynthetic enzymes. NO is generated by HO2 by CK2, implicating protein kinase C (PKC) in CK2 stimulation. Odorant treatment of olfactory receptor the calcium/calmodulin-dependent activation of nNOS during neuronal activity (Bredt and Snyder, 1990). We neurons augments HO2 phosphorylation and activity as well as cyclic guanosine monophosphate (cGMP) previously reported that treatment of neuronal cultures with phorbol esters increases HO2 activity in a protein levels, with all of these effects selectively blocked by CK2 inhibitors. Likewise, CO-mediated nonadrenerkinase C (PKC)-dependent manner (Dore et al., 1999). However, no direct molecular mechanism for depolargic, noncholinergic (NANC) relaxation of the internal anal sphincter requires CK2 activity. Our findings proization-induced activation of HO2 during neuronal activity has been reported, which has led to skepticism about vide a molecular mechanism for the rapid neuronal activation of CO biosynthesis, as required for a gasthe physiologic role of CO as a neurotransmitter (Cary and Marletta, 2001). eous neurotransmitter.
Introduction creased HO2 activity and subsequent CO synthesis. We discovered that HO2 is regulated by a protein kinase Carbon monoxide (CO) is generated in neurons by the enzymatic cleavage of heme by heme oxygenase-2 cascade that ultimately leads to the direct phosphorylation and enzymatic activation of HO2 by the protein (HO2). Abundant evidence suggests that CO can function as a neurotransmitter (reviewed in Baranano and kinase CK2 (formerly known as casein kinase 2), resulting in CO-dependent neurotransmission. These reSnyder, 2001). Like nitric oxide (NO), endogenously produced CO stimulates soluble guanylate cyclase (sGC) sults provide a mechanistic basis for the activation of CO biosynthesis following neuronal activity, as expected for activity, increasing cGMP levels in target cells (Ingi et al., 1996a (Ingi et al., , 1996b Figures 1A and 1B) . In contrast, we detect only minimal similar amount of S79A expression compared to wt (data not shown). Taken together, the data in Figures 1 and phosphorylation of HO2 by PKA, PKG, and PKC, with less than 10% of the phosphorylation produced by CK2 2 strongly support S79 as the predominant in vitro CK2 phosphorylation site. (data not shown). CK2 phosphorylation is prevented by the CK2-specific inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB), which inhibits CK2 with a half-maximal effecPhorbol Esters Stimulate HO2 in Hippocampal Cultures via PKC-Dependent Activation of CK2 tive concentration (K i ) of 0.6 M. TBB is one of the most selective protein kinase inhibitors known, and when Exposure of hippocampal cultures for 24 hr to phorbol 12-myristate 13-acetate (PMA), a PKC activator, intested against a panel of 33 serine/threonine and tyrosine protein kinases, only three exhibited moderate inhicreases HO activity and levels of bilirubin in hippocampal cultures (Dore et al., 1999) . In the present experibition by TBB, with K i values one to two orders of magnitude higher than that for CK2 (Sarno et al., 2001) . ments, we acutely treated primary hippocampal cultures with PMA for 5 min to evaluate rapid changes in HO2 Phosphorylation of HO2 with purified CK2 in vitro leads to a 100% increase in HO2 catalytic activity (Figures activity associated with PKC activation. Exposure of hippocampal cultures to 500 nM PMA elicits a 300% 1C and 1D). The HO2 assays were performed in the presence of saturating substrate and were linear over increase in enzymatic activity, which is abolished by pretreatment with the PKC inhibitor GF 109203X time (data not shown), so that increases in catalytic activity most likely represent changes in V max .
(GFX) or TBB ( Figures 3A and 3B) . A structurally related but much less potent analog of TBB, 5,6-dichloro-1-The minimal consensus motif for phosphorylation by CK2 is a serine (S) or threonine (T) followed by acidic (␤-D-ribofuranosyl) benzimidazole (DRB) (Szyszka et al., 1995), fails to block PMA-induced activation of HO2 amino acids, preferably more than one (Pinna, 2002 Figure 1C) . To assess the site(s) of HO2 phosphorylation, we measured CK2-stim-PMA causes a substantial increase in HO2 phosphorylation, which is blocked by PKC and CK2 inhibitors (Figure ulated activity of HO2 in which S79, S179, and T248 had been mutated to alanine (A). CK2 activation is abolished 3C). Phosphopeptide mapping of HO2 purified from PMA-treated cultures reveals a single prominent phosby the S79A mutation but preserved in S179A and T248A mutations, indicating that S79 is the target of CK2-phopeptide with the same mobility as the phosphopeptide produced by in vitro CK2 phosphorylation ( Figure  dependent activation of HO2 (Figures 1C and 1D) .
To further confirm the phosphorylation site of HO2 by 2C), indicating that the same site is phosphorylated in intact cells. Several minor spots are also evident that CK2, we conducted phosphopeptide mapping of in vitro phosphorylated HO2 (Figures 2A and 2B Figure 4C ). Phosphorylation of the CK2 ␣ subunit is also increased in response to odorants ( Figure  4D ). In contrast to phorbol ester-stimulated hippocampal cultures, GFX has no effect on HO2 activation or phosphorylation in ORN cultures ( Figures 4A-4D) . We next examined HO2-dependent modulation of cGMP levels. TBB causes a small but statistically significant reduction in basal cGMP levels in these cultures ( Figure 4E ). Odorant stimulation of ORN cultures increases cGMP levels 80%, an effect that is blocked by CK2 inhibition ( Figure 4F ). The K i for TBB blockade of odorant effects on cGMP is 6.2 M, resembling the in vitro potency of TBB against CK2 ( Figure 4G ; Szyszka et al., 1995). As in hippocampal cultures, the TBB analog DRB fails to influence cGMP levels ( Figure 4G ). PKC inhibition by GFX does not affect odorant-dependent increases in cGMP levels ( Figures 4E and 4F) . Thus, in contrast to hippocampal cultures, in olfactory neurons PKC-independent signaling mechanisms result in CK2 phosphorylation and activation of HO2. Our results provide a mechanism by which CO can be and ORNs are an ideal system for these studies because rapidly synthesized following neuronal depolarization. they lack endogenous nNOS activity (Ingi et al., 1996a, CK2-dependent activation of HO2 was identified in mul1996b; Ingi and Ronnett, 1995; Verma et al., 1993). Furtiple experimental paradigms, including odorant signalthermore, the experiments were performed in the presing in ORNs and NANC relaxation of ex vivo intestinal ence of IBMX, eliminating possible artifacts resulting preparations, suggesting that CK2 activation of HO2 is from effects of TBB on phosphodiesterase activity. DRB, a generalized mechanism for stimulating CO synthesis. a structurally related but much less potent analog of These results strongly support the already extensive TBB, had no effect on odorant-stimulated HO2 activity evidence that CO functions as a neuromodulator and or cGMP production. TBB partially reduced basal cGMP provides a molecular mechanism linking depolarization levels in ORNs, indicating that CK2 regulates both basal to CO synthesis. and stimulated HO2 activity. , 100 M MgATP, and 5 mM spermine. Since CK2 runs at a similar mobility on SDS-PAGE as HO2, it was necessary to wash the beads three times with buffer A after the kinase reaction to remove the autophosphorylated kinase, and washed beads were quenched with SDS-PAGE sample buffer. Samples were run on SDS-PAGE with bovine serum albumin (BSA) standards of 1, 5, 10, and 100 ng. Gels were subsequently silver stained, dried, and autoradiographed. Total HO2 protein immunoprecipitated was quantified by densitometry of the BSA standards and HO2 bands using a Stratagene Eagle Eye II system (Stratagene, La Jolla, CA) and extrapolating total nanograms of HO2 based on the BSA curve. Radioactivity associated with each band was quantified by band excision and counting Cherenkov radiation in a scintillation counter. 
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